The sarcolendoplasmic reticulum Ca-ATPase (SERCA) gene from Artemia franciscana is transcribed into two mRNAs that code for two different enzyme isoforms. We investigated the tissue-speciflc expression of each mRNA by in situ hybridization of larval tissue sections. One of the isoforms is expressed in the m d e fibers of the appendages. The other isoform is generally expressed throughout all tissues of the larvae. The tissue distribution of these two isoforms is very similar to the one described for the two homologous isoforms generated from the vertebrate SERCA 2 gene, and shows the evolutionarily conserved nature of their tissue-specific expression. (J Histochem Cytochem &: [321][322][323][324][325] 1996) 
Introduction
Sarco/endoplasmic reticulum Ca-ATPases (SERCA) are involved in sequestration of calcium from the cytoplasm to the endoplasmic or sarcoplasmic reticulum after cell activation (Carafoli, 1987) . The activity of this enzyme is very important in function of muscle, in which it is expressed at a very high level. It is also expressed at lower levels in many other cells. The cloning of vertebrate SERCA genes has shown the existence of three genes coding for highly homologous proteins (Burk et al., 1989; Lytton and Madennan, 1988; Brandl et al., 1986) . Furthermore, two of these genes can be transcribed into two different mRNAs that code for different isoforms of each protein (Gunteski-Hamblin et Lytton and MacLennan, 1988; Brandl et al., 1987) . These different isoforms are expressed in a tissue-specific pattern. The SERCA 1 gene codes for two protein isoforms: SERCA la, expressed in adult fast-twitch muscles and SERCA lb, expressed in neonatal fast-twitch muscles (Brandl et al., 1987) . SERCA 2 also codes for two protein isoforms, SERCA 2a, which is expressed in slow-twitch and cardiac muscles, and SERCA 2 b, expressed in smooth muscles and nonmuscle tissues (Eggermont et al, 1990; Lytton et al., 1989; Gunteski-Hamblin et al., 1988) . SERCA 3 codes only for one isoform and is expressed in some muscle and nonmuscle tissues (Burk et al., 1989 ). In contrast to vertebrates, only one SERCA gene has been found in two arthropods, the insect Drosophih mehogaster ( V h d i et al., 1993) and the crustacean ArtemiafiamirGana (Escalante and Sasue, 1994 ). This unique gene shows similarity to the three vertebrate genes, suggesting their common origin from a single gene that would have triplicated in vertebrates (Palmer0 and Sastre, 1989). The A. fraw ciscana gene is transcribed into two different mRNAs that code for protein isoforms differing at their C-terminal sequence. The last six amino acids of the protein coded by the 4.5-KB mRNA are changed to 30 amino acids in the protein coded by the 5.2-KB mRNA (Escalante and Sastre, 1993) . Analysis of the structure of this gene has shown that the two mRNAs arise by alternative processing of the last two exons (Escalante and Sastre, 1993) . It is remarkable that both the mechanism of differential processing found in the A. frunczscana SERCA gene and the structures of the protein isoforms generated are similar to those found in the vertebrate SERCA 2 gene.
The similarity between Artemziz SERCA and vertebrate SERCA 2 genes suggests that the two Artemia SERCA isoforms might also be expressed in a tissue-specific pattern. To investigate this possibility, we performed in situ hybridization experiments with common and isoform-specific Artemia SERCA probes. In particular, we wanted to know if the expression of each Artemia SERCA isoform was tissue-specific and if there were any correlations with the expression of the homologous vertebrate SERCA 2a and 2b isoforms. tured for 45 hr at 30°C in reconstituted seawater, as previously described (Osuna and Sebastian, 1980) . ProbeLabeling and In Situ Hybridization. DNA probes (300 ng) were labeled with digoxigenin using the DIG labeling kit (Boehringer Mannheim; Indianapolis, IN) according to the manufacturer's instructions and were purified by filtration through NICK columns (Pharmacia; Uppsala, Sweden). Artemzu larvae were washed several times with methanol and then twice in PBS (133 mM NaCI. 10 mM potassium phosphate, pH 7.4). and were fixed overnight at 4°C in 4% paraformaldehyde in PBS. Fixed animals were equilibrated in 30% sucrose in PBS at 4'C for 2 hr, embedded in OCT (Miles; Elkhart, IN), and frozen at -70°C. Larvae were cut into 10-pm slices with a cryotome. The slices were placed on silane-coated slides (Sigma; St Louis, MO), dried for at least 2 hr at room temperature (RT), and fixed in 4% paraformaldehyde in PBS for 20 min at RT. The preparations were washed two times in PBS for 10 min each and incubated with 20 pg/ml of proteinase K in 50 mM Tris. 5 mM EDTA, pH 8.0, for 5 min. washed in PBS for 5 min, fixed with 4 % paraformaldehyde in PBS for 20 min at RT, and washed three times in PBS for 10 min at R I The conditions used for in situ hybridization were the same as described by Escalante et al. (1995) , using antidigoxigenin antibodies coupled to alkaline phosphatase (Boehringer Mannheim). DNA from the plasmid vector pUC18 was used as probe in negative control hybridization experiments. Alkaline phosphatase activity was developed by incubation with NBT (nitroblue tetrazolium chloride) and Xphosphate (5-bromo-4-chloro-3-indolyl-phosphate), with the addition of 0.24 mg/ml of levamisole (Sigma) for 3 . 8, or 15 hr at RT. Positive staining appeared as a blue or brown precipitate. Nuclear DNA was stained by incubating the preparations for 10 min in 1 pglml of H33258 in TE (10 mM Tris, 1 mM EDTA, pH 8) for 10 min. Preparations were then washed for 5 min in TE and mounted in Mowiol 4-88 (Aldrich Chemie; Steinheim, Germany) for microscopic observation under an Axiophot microscope (Zeiss; Oberkochen, Germany) equipped with epifluorescence and filter sets for ultraviolet (365 nm) and green (546 nm)
Results
The tissue-specific expression of A. franciscana SERCA mRNAs has been studied by in situ hybridization to sections of 45-hr-old larvae. We used a fragment of the amino-terminal coding region that is common to the4.5-and the 5.2-KB mRNAs, the 2-KB long EcoRI-EcoRI fragment of the cDNA clone pArATCal5l (Palmero and Sastre, 1989) . The results obtained in these in situ hybridizations are shown in Figure 1 . Hybridization was mainly observed on the longitudinal muscle fibers that run along the antennae of the larvae ( Figure 1A) . The antennae are the main swimming appendages at this stage of development. Figure 1B illustrates the H33258 nuclear staining of the tissue section shown in Figure 1A . More highly magnified images of the stained antenna muscle fibers are shown in Figures 1C-1E . Hybridization was also observed in the muscle fibers that connect the two antennae through the dorsal region of the larval head, between the digestive tract and the salt gland ( Figure ID) . Analyses of other sections also showed hybridization in the muscle fibers of the mandible (Figures lA, lE,  and 1F ).
Some in situ hybridizations were developed longer (8 hr, Figure  IF , or 15 hr, Figure 1G , instead of 3 hr) to investigate whether the SERCA gene was expressed at lower levels in other tissues. General staining was observed over the entire larval section, with the muscle fibers of the antenna and mandible greatly overstained ( Figures 1F and 1G) . A control hybridization made using the plasmid vector pUc18 as a probe and also stained for 15 hr showed no staining ( Figure 1H) .
The specific expression of the mRNA coding for each SERCA isoform was studied using probes from the C-terminal and 3'-untranslated reigons of the cDNA clones that had been shown by Northern blot to be specific for each isoform (Escalante and Sastre, 1993) . The XbaI-BamHI fragment of the cDNA clone pArATCa412, specific for the 4.5-KB mRNA, was used as probe in the hybridizations shown in Figures 2A and 2B . This probe specifically stained the muscle fibers of the antenna (Figures 2A and 2B ) and mandible (data not shown).
The XbaI-EcoRI fragment of the cDNA clone pArATCa 604, specific for the 5.2-KB mRNA, was also used as probe in the in situ hybridizations (Figures 2C and 2D) . The hybridization signal obtained showed that the 5.2-KB mRNA was generally expressed in the larval tissues. The hybridization of the 5.2-KB mRNA probe on muscle fibers of the antenna and mandible could not be completely excluded from these results, but if there was any staining, the level of expression of this mRNA in muscles was similar to that in other tissues. In contrast, the 4.5-KB mRNA was expressed at much higher level, if not exclusively, in muscle fibers; compare 
Discussion
The results shown in this article indicate that the two isoforms of Artemia franciscana SERCA have distinct tissue-specific expressions. The isoform encoded by the 4.5-KB mRNA is expressed in muscles, whereas the isoform coded by the 5 . 2 -~~ mRNA is generally expressed in all tissues of the larvae. A probe that hybridizes to both mRNAs shows a pattern of hybridization that is a composite of the two mRNAs and allows a direct comparison of their expression levels. The more abundant mRNA hybridizes to the muscle fibers of the appendages and correlates with the specific expression pattern of the 4.5-KB mRNA. Longer histochemical staining times demonstrated a general pattern of expression in all cells of the organism. This staining correlates well with the expression pattern of the 5.2-KB mRNA. These levels of expression are also in agreement with those estimated by Northern analyses at these developmental stages (Palmero and Sastre, 1989) . It can be concluded from these studies that there exists great structural and functional similarity between the unique A. franciscana SERCA gene and the vertebrate SERCA 2 gene. Both genes can be transcribed and processed to give two different mRNAs by identical mechanisms: the use of two alternative polyadenylation sites that involve an additional splicing event when the more distal polyadenylation site is used (Escalante and Sastre, 1993; Lytton and MacLennan, 1988) .
In both cases, the proteins encoded by the different mRNAs are identical except for their C-terminal amino acids: the shorter isoform codes for 6 or 4 amino acids and the longer isoform for 30 or 40 hydrophobic amino acids in Artemia and vertebrates, respectively. In vertebrates, the shorter isoform is expressed in slow-twitch skeletal and cardiac muscles and the longer isoform in smooth muscles and nonmuscle cells. The experiments presented in this paper show that, in Artemia, the shortest isoform is also expressed in muscles, whereas the longest isoform is expressed in nonmuscle cells.
A difference between Artemia SERCA and vertebrate SERCA 2 is the type of muscle in which they are expressed. It has been described that crustacean locomotory muscles are predominantly composed of fast-twitch fibers (Ruegg, 1992) . The expression of the Artemia SERCA gene on these fibers makes it similar to the vertebrate SERCA 1 gene. However, the two isoforms of the vertebrate SERCA 1 gene are generated through a different process: the inclusion, or not, of the penultimate exon of the gene in the mRNA of each isoform originates a change of the C-terminal amino acid of the SERCA la isoform to the last 8 amino acids of SERCA Ib (Brandl et al., 1987) . The developmental regulation of the expression of the two isoforms is also different between vertebrate SERCA 1 and Artemia SERCA, because both the SERCA la and the SERCA 1b isoform are expressed in fast-twitch muscles, whereas SERCA 1b expression is restricted to embryonic development and neonatal life. In this respect, we have evidence for the expression of both Artemia isoforms in adult animals.
The data discussed above indicate that the Artemia SERCA gene is not functionally homologous to any of the vertebrate genes, as might be expected, because there is only one SERCA gene in Artemia that has to fulfill the functions of the three vertebrate genes. Sequence analysis of these genes, however, has shown that the Artemia SERCA gene has the same degree of homology with the three vertebrate genes (Palmero and Sastre, 1989) . Similar results have been obtained in the insect DrOsoph& mekznogastec in which there is also only one SERCA gene (Vhadi et al., 1993) . These data suggest the existence of a unique (pleisomorphic) gene in a common protostome and deuterostome ancestor from which the unique arthropod gene and three vertebrate genes were later derived (apomorphs). The observed similarity between SERCA 2 and Artemia SERCA suggests that this common ancestral gene might have possessed the same genetic structure and might have been able to generate muscle-specific and nonmuscle-specific protein isoforms by similar processing events. The characterization of SERCA genes from other protostome and deuterostome species will be necessary to confirm or reject this hypothesis.
